Introduction
Sepsis is a systemic inflammatory syndrome caused by infection, which is characterized by the production of inflammatory cytokines in the bloodstream and tissues. These cytokines have been implicated as important factors in the pathophysiology of sepsis and development of multiple organ failure [1] [2] [3] [4] . However, numerous randomized trials testing individual anti-cytokine therapies for severe sepsis and/or septic shock have failed [5, 6] . A large observational study of community-acquired sepsis secondary to pneumonia demonstrated that the mortality was correlated with high levels of both pro-and anti-inflammatory cytokines [7] . Thus, the broad-spectrum removal of cytokines is a potential approach for the treatment of sepsis.
Blood purification techniques, especially hemoadsorption, remove cytokines and other inflammatory mediators from the blood, providing a possible treatment for severe sepsis [5, 6] . We have previously shown that hemoadsorption using a novel polymer (CytoSorb) in experimental endotoxemia, cecal ligation and puncture (CLP) and bacterial clot implantation-induced sepsis in rats, could remove cytokines and improve short-term survival [8] [9] [10] [11] [12] . However, we also observed a delayed effect (24 h or more after treatment) as well as protection against organ injury especially in the kidney and liver [11] . It is not known whether the results obtained are unique to CytoSorb or represent a 'class-effect'. Many other adsorptive materials have been designed to remove inflammatory cytokines [13, 14] and may also work to remove other injurious molecules. One such material is CTR, a sorbent, composed of porous cellulose beads to which a hydrophobic organic compound with a hexadecyl alkyl chain has been covalently bound to the surface (Kaneka Corp., Osaka, Japan). CTR was specifically developed to adsorb cytokines such as tumor necrosis factor (TNF) and interleukin (IL)-6.
Thus, our objectives for this study were threefold; first to test for cytokine removal (in vitro) and effect on circulating cytokines (in vivo) early (4 h) and late (24 and 48 h) using CTR in an experimental model (CLP) of sepsis in the rat. Second, we sought to determine if CTR could protect against sepsis-induced renal and hepatic injury using cystatin C, creatinine and Alanine aminotransferase (ALT) and effect circulating high-mobility group box (HMGB)-1 protein. Third, we evaluated three 'doses' of CTR to determine if there was a dose-response relationship for these observed effects. Finally, although we did not power our study for survival but we did examine mortality at one-week across the various groups.
Materials and Methods
All animal experiments were approved and conducted according to an Institutional Animal Care and Use Committee of the University of Pittsburgh and in adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Sorbent columns were manufactured in three sizes 0.5, 1 and 2 ml denoted here as CTR0.5, CTR1, and CTR2. These columns were filled with 0.75, 1.6, and 3.0 g of sorbent, respectively. Column components were EtOH sterilized and filled with sterile CTR sorbent beads using the manufacture's recommendations.
In vitro Study
CTR sorbent beads (Lot BAP005-A0084) were characterized by spiking recombinant human cytokine into 8 ml horse serum, and recirculating the solution through a packed bead column. Each column size was tested using IL-6 capture as a marker for manufacturing repeatability. The CTR1 columns were also characterized for TNF capture. Cytokine capture trials were run in triplicate, and identical cytokine and serum lots (Invitrogen, Camarillo, Calif., USA) were used for all experiments. Packed columns were primed with 10 m M PBS, and capture was performed at a flow rate of 0.8 ml/ min using a peristaltic pump. Samples were removed from the reservoir at specific time points, immediately frozen at -80 ° C, and quantified for cytokine concentration using an enzyme-linked immunosorbent assay (Invitrogen ELISA kits). Samples were collected prior to capture (t = 0) and then at 15, 30, 60, 90, 120, 180, and 240 min. ELISA analysis was performed in duplicate for each sample.
In vivo Study
After validating the fabrication of consistent CTR devices at the bench, we performed a series of animal studies using our standard LD-50 CLP model of sepsis in rats to compare CTR hemoadsorption to a sham treatment. This work was based on evaluating the three size devices versus a sham device (no CTR) in 40 adult (24 to 28 weeks old, weight 450-550 g), male, Sprague-Dawley rats ( fig. 1 ). Rats were anesthetized with isoflurane inhalation, and polymicrobial sepsis was induced with CLP, which was performed with a predetermined 25% ligated length of cecum and 20-gauge needle, with the two-punctures inferior to the ileocecal valve. The abdomen was then closed and 20 ml/kg lactated ringers were given subcutaneously as fluid resuscitation. Topical anesthetic was applied to the surgical wound. Rats were then returned to their cages and allowed food and water ad libitum.
Eighteen hours after CLP, the animals were reanesthetized with isoflurane. The femoral vein and the internal jugular vein were isolated by dissection and cannulated with 1.27 mm polyethylene-90 tubing for use with extracorporeal circulation [15] . Animals were randomly assigned to receive treatment with CTR0.5 or CTR1 or CTR2 or sham treatment for four hours. The extracorporeal circulation was driven by a mini pump (Fisher Scientific, Pittsburgh, Pa., USA) at a blood flow rate of 0.8-1.0 ml/min from the internal jugular vein to the femoral vein. In the CTR groups, the blood flowing through the extracorporeal circuit passed through the cartridges containing the adsorptive beads (dead space 0.5 ml). In the sham group, the blood passed through the extracorporeal circuit in additional tubing with the same volume of dead space as the column. All of the tubing in the extracorporeal circuit was primed with heparinized saline (20 units/ml) before beginning the experiment. After a four-hour intervention, the treatments were stopped and the rats were observed for recovery. Survival time was assessed up to seven days.
Blood (0.8 ml) was drawn from the femoral line at 18 h after CLP (immediately before treatment), at 0 h, after the 4 h treatment, and then at 24 and 48 h after treatments. The maximum blood loss for each animal was less than 20% of the total blood volume. Plasma was isolated by centrifugation, and stored in a -80 ° C degree freezer. Plasma cytokines (TNF, IL-1β, IL-6, and IL-10) were measured with Multiplex Bead Immunoassays. HMGB-1 and cystatin C were measured using an enzyme-linked immunosorbent assay. ALT was determined using a LDH-NADH coupled assay, and creatinine was measured with a creatinine enzymatic assay kit. Survival time was recorded in days starting from CLP. 
Statistical Analysis
The percentage changes compared to the baseline values (t = 0) for cytokines (IL-6 and TNF) were expressed in the in vitro study. All cytokine data from the in vivo study (TNF, IL-1β, IL-6, and IL-10) were natural log (ln) transformed and expressed as mean ± standard error. Other non-normal distributive numeric data were expressed as median (range). Our primary analysis between CTR and sham-treated animals was based on changes in IL-6. All numeric data were compared by examining the mean differences among and within groups, and by analysis of variance for repeated measures (SPSS11, Chicago, Ill., USA). p < 0.05 was considered to be of significant difference.
Results

In vitro Study
The mean normalized IL-6 removal rates for each device of different sizes are shown in figure 2 a. The results demonstrate accelerated removal rates with increased bead mass. The mean normalized cytokine removal rates within the CTR1 device are illustrated for TNF and IL-6 ( fig. 2 b) . The TNF capture rate is slower and more variable than that of IL-6.
In vivo Study
Differences in circulating plasma cytokine concentrations (TNF, IL-1β, IL-6, and IL-10) for septic rats treated with different amounts of CTR and sham are shown in figure 3 . Baseline values (18 h after CLP) show no difference between the four groups for any cytokine. Plasma cytokine concentrations remained constant immediately after treatment and were not different among groups. At the later time points of 24 and 48 h after treatment, the cytokine concentrations (IL-6, IL-10 and TNF) were significantly lower in the CTR treatment groups, especially CTR2, p < 0.05 compared to baseline. Figure 4 a demonstrates the effects of CTR on ALT and creatinine. Although there was a trend to improve ALT and creatinine, none of the differences reached statistical significance. However, figure 4 b shows that cystatin C was significantly lower with CTR1 and CTR2 after 24 h (p < 0.05). Furthermore, the overall trend in cystatin C suggests a dose-response relationship. Figure 5 shows the effects of different treatments on HMGB-1. There were no significant differences before treatments. However, after two days CTR2 showed a significant decrease compared to baseline (before treatment, p < 0.05).
Given the small overall sample size, survival was not formally compared. However, 5 of the 10 animals (50%) in the sham group survived for seven days, while survival rates in the treatment groups were 64% (7/11) with CTR0.5; 63% (5/8) with CTR1, and 73% (8/11) with CTR2.
Discussion
Our in vitro results clearly showed that CTR was effective for IL-6 removal, and somewhat less effective for TNF removal. In vivo, CTR, especially the CTR2 device, ap- devices also significantly reduced cystatin C at 24 and 48 h after treatment. Our results are in general agreement with those seen in our other studies [8] [9] [10] [11] [12] and suggest a class effect for sorbents. A dose-response relationship is also clearly evident (for IL-6) in vitro; and similar trends are seen in vivo. While sufficient sized trials are lacking, in a recent meta-analysis, blood purification techniques including hemoperfusion, plasma exchange, and hemofiltration were associated with lower mortality in patients with sepsis [16] . However, standard renal replacement therapy is ineffective for modulating inflammatory mediators [17] , despite a strong association between these mediators and survival [17] . Similarly, a recent multicenter trial by Joannes-Boyau found that high-volume hemofiltration (70 ml/kg/h) was no more effective than standard continuous hemofiltration (35 ml/kg/h) for patients with severe septic shock in terms of 28-day mortality, or organ function [18] . A meta-analysis of high-volume hemofiltration yielded similar conclusions [19] . However, few trials measured cytokines and none measured pathogenor damage-associated molecular patterns (PAMPs or DAMPs). Our studies in animals clearly show that cytokine modulation can occur late [9, 11] and organ protection may be achieved despite only minimal effect on circulating mediators [9, 11] . HMGB-1, a well-characterized DAMP, was also affected, but again the effect appeared late. These findings have not yet been integrated into the design of clinical trials but the consistency of the results across multiple studies, and now, across different sorbents, suggests that they need to be.
Designing devices and methods for sepsis therapy may require optimization of both filtration and adsorption. In an experiment to compare the relative effects of sieving and adsorption on plasma IL-6 following CLP in rats [20] , we found that hemoadsorption was the main mechanism of removal. Hemoadsorption is dependent on membrane material and, during hemofiltration, on filtration operating parameters (e.g., filtration fraction: the so-called adsorption/synergistic effect). If hemofiltration is to be an effective therapy in the complexity of sepsis, then proper design of materials and operational characteristics must be pursued.
Using in vitro IL-6 capture, we have demonstrated very consistent results using various size devices. As expected, IL-6 removal is accelerated with increasing sorbent bead mass. TNF capture is slower than IL-6 capture, likely due to the large size of the trimeric TNF molecule (51 kD) compared to IL-6 (26 kD). In our CLP sepsis model, which closely resembles clinical sepsis, there appears to be a 'dose-response relationship' on cytokines and on renal function (cystatin C). These results suggest that careful attention to sorbent volume in clinical devices may also be important.
We measured a panel of common cytokines in sepsis, TNF, IL-1β, IL-6, and IL-10, as well as the late mediator HMGB-1. Plasma cytokine concentrations remained constant immediately after treatment and were not different among groups. However, by 24-48 h after intervention, concentrations were significantly lower in the CTRtreated groups. At the same time, there was strong evidence for renal protection measured by cystatin C. Although there was already a trend toward lower cystatin C at 4 h, it was not significant, and the emergence of significant effects at 24 h with persistence to 48 h suggests improved renal function rather than cystatin C clearance from the device. However, we cannot exclude the possibility of some removal of cystatin C early on and we also note that the effects on serum creatinine were not significant. The possible explanation for this delayed cytokine removal and organ protections is the immunomodulation threshold hypothesis, which takes a more dynamic view, postulating that the cytokine removal from the blood compartment leads to the removal of cytokines located at the tissue level because of an equilibration of their concentrations between these two compartments [21, 22] . This theory is interesting because it affects cytokines at the tissue level, which is where cytokines are harmful, and it also explains why numerous studies assessing blood purification techniques found an improvement of outcomes with no modification of cytokine blood concentrations as cytokines from the tissues replace those removed from the blood. Blood purification therapies might directly act at the inflammatory cell level in order to restore the immune function through the regulation of monocytes and neutrophils [7, 23] . Although this in vivo experiment more closely resembles human sepsis, there are important limitations. First, we did not administer antibiotics to the animals in this study because these therapies alter the inflammatory response and may well have obscured any 'signal'. In addition, the administration of bactericidal antibiotics such as β-lactam drugs may promote the release of LPS from Gram-negative bacteria. Second, the sample size is too small to detect the potential differences in survival. However, this report could provide preliminary data for designing future large-scale studies.
Conclusion
CTR removes IL-6 in a dose-dependent fashion and appeared to result in lower cytokine levels and less kidney dysfunction also in a dose-dependent fashion. The favorable effect on renal function was evident despite no immediate effects on cytokine removal. However, CTR did result in a late decrease in multiple cytokines and HMGB-1. These results are consistent with other studies and suggest a 'class-effect' for sorbents.
